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• FhCaBP dimerises, but calcium ions reduce the amount of dimerisation • FhCaBP3 binds a range of calmodulin antagonists M A N U S C R I P T
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Introduction
Calcium homeostasis is required in all living cells. Consequently, elaborate molecular systems have evolved to control the flow of calcium ions in and out of cells. Changes in calcium ion concentrations in cells also act as cellular signals and there are a number of proteins which sense these changes and transmit information to signalling pathways [1] . The best characterised of these is calmodulin, an approximately 17 kDa protein which has two globular heads joined by an α-helical linker. Each globular head contains two EF-hand, calcium ion binding domains. In each EF-hand, the ion is coordinated by a combination of six functional groups from the side chains and backbone of the protein [2] [3] [4] [5] . Binding to calcium ions by the EF-hands induces a conformational change which results in the greater exposure of hydrophobic residues on the surface of the protein [6, 7] . These hydrophobic residues are important in interacting with some partner proteins and also with some drugs [6] [7] [8] [9] [10] . A number of calmodulin and calmodulin-like proteins have been characterised in trematodes.
These include two calmodulins from the blood fluke Schistosoma mansoni (SmCaM1 and SmCaM2) which show very high protein sequence similarity (>97%) to the human protein [11] . In the common liver fluke, Fasciola hepatica, there are at least three calmodulin-like proteins. One, FhCaM1, an orthologue of SmCaM1, differs from human calmodulin by only two amino acid residues [12, 13] . The other two, FhCaM2 and FhCaM3, are more different at the sequence level (67% and 51% similarity respectively); however they are predicted to have similar overall structures to mammalian calmodulins [12, 13] . proteins with one EF-hand and includes FH8 from F. hepatica, Sm8 from S. mansoni and SjCa8 from Schistosoma japonicum [14] [15] [16] . In the case of FH8, the calcium binding affinity has been shown to be low (K d ~10 -4 M) [16] . The second family consists of proteins which combine two EF-hand domains with a dynein light chain (DLC) domain. The functions of these proteins have not been determined although some have been localised to the fluke's tegument [17, 18] . Indeed, many species express several different proteins from this family suggesting either a requirement for redundancy or different functions for each family member. Examples of these proteins include, the S. mansoni proteins Sm22.6 (SmTAL1), Sm21.7 (SmTAL3), Sm20.8 (SmTAL3) and Sm21.6 (SmTAL8), the Schistosoma japonicum protein Sj22.6, Schistosoma haematobium Sh22.6, the C. sinensus proteins CsTP31.8 and CsTegu21.6 and the Opisthorchis viverrini protein OvCaBP [19] [20] [21] [22] [23] [24] [25] [26] [27] . Recently, a family of related proteins in S. mansoni (SmTAL4 to SmTAL13) were identified by bioinformatics and partially characterised [28] . In Fasciola gigantica, four proteins from the family have been characterised thus far: FgCaBP1, FgCaBP2, FgCaBP3 and
FgCaBP4. These proteins all bind calcium ions and FgCaBP1 is recognised by immune serum from infected rabbits, suggesting that the protein is secreted [17, 18] .
In the closely related liver fluke, F. hepatica, two family members have been characterised to date. FH22 is the equivalent of FgCaBP1, undergoes calciumdependent conformational changes and is secreted from the fluke [29] .
Interest in this group of calcium binding proteins which contain EF-hand and DLClike domains arises from their ability to induce by IgG and IgE-mediated immune responses in their hosts [23, [30] [31] [32] and from their potential as novel drug targets. The M A N U S C R I P T A C C E P T E D 
Materials and Methods
Cloning, expression and purification of FhCaBP3
The coding sequence for FhCaBP3 was PCR-amplified using clone Fhep26e01 from a was determined by the method of Bradford [42] using BSA as a control. The protein solution was divided into aliquots (50-100 µl) and stored at -80 °C until required.
Bioinformatics and Molecular Modelling
Multiple sequence alignments were constructed using ClustalW [43, 44] and an unweighted pair group method with arithmetic mean (UPGMA) tree was generated using MEGA 5.05 [45] .
A molecular model of FhCaBP3 was constructed by using Phyre2 ((http://www.sbg.bio.ic.ac.uk/phyre2 [46] ) in the "intensive" mode. This model was then minimised and computationally solvated using YASARA (http://www.yasara.org/minimizationserver.htm [47] ). Potential ligand binding sites in this model were identified using 3dligandsite
(http://www.sbg.bio.ic.ac.uk/3dligandsite [48] ). A calcium ion was modelled into the structure using Reps1 EH domain (PDB ID: 1FI6 [49] ) as a template and the resulting structure re-minimised using YASARA. The final, calcium bound and calcium free, minimised models are provided as supplementary data to this paper.
Native gel electrophoresis
FhCaBP3 (90 µM) was mixed with 1 mM EGTA and 1 mM DTT and the mixture supplemented with divalent metal ions (2 mM) as required in a total volume of 10 µl.
Note that EGTA was routinely included in these mixtures to remove any calcium ions which had associated with FhCaBP3 during the expression and purification process.
(This has been previously observed with other F. hepatica calcium binding proteins [13, 40] ). Mixtures were incubated at room temperature for 5 min and then 10 µl 
Fluorescence measurements
Intrinsic fluorescence spectra of FhCaBP3 (2 µM; supplemented with 1 mM DTT in a total volume of 150 µl) were recorded from 310 to 400 nm using a Spectra Max
Gemini XS fluorescence plate-reader and SOFTmax PRO software in a
FluoroNunc™ black 96-well plate using an excitation wavelength of 280 nm. 
Crosslinking
FhCaBP3 (30 µM) was incubated with bis(sulfosuccinimidyl) suberate (BS 3 , 80 or 800 µM) in the presence of either 1 mM EGTA or 1mM EGTA/2 mM calcium chloride for 30 min at 37 °C. Products were then analysed by 10% SDS-PAGE.
Crosslinking with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) was carried out as previously described [40] . 
Analytical gel filtration
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Limited proteolysis
FhCaBP3 (40 µM) was incubated in the presence of drug (250 µM) and 2 mM calcium chloride for 5 min at 37 °C. After this time chymotrypsin (200 nM) was added and the mixture incubated for 30 min at 37 °C. Products were resolved on 15% SDS-PAGE.
Results
FhCaBP3: sequence analysis and predicted structure
The coding sequence of Therefore, a calcium ion was modelled at the second EF-hand only (figure 2b).
In EF-hands, six residues contribute to the coordination of the ion. These are designated the X,Y, Z, -Y, -X and -Z residues and analysis of EF-hand proteins has identified consensus residues at these positions [52] . In both EF-hands in FhCaBP3, the consensus is largely observed, with the greatest deviation at the fourth coordinating position (-Y) which is most commonly a threonine ( figure   2c,d ). In the first EF-hand this residue is a serine (which is rarely seen at this position in EF-hands) and in the second EF-hand it is a lysine, which while M A N U S C R I P T
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11 observed occasionally in EF-hands, introduces a positive charge into the motif.
However, the modelled structure shows that the positively charged lysine side chain is directed away from the calcium ion (figure 2d).
Dynein light chains are typically rich in β-sheets [53, 54] . Interestingly, following minimisation of the modelled structure of FhCaBP3 in the absence of calcium ions, two of the four β-strands seen in dynein light chains were modelled as random coil structures (figure 2a). In the presence of a modelled calcium ion, all four β-strands were converted to a random coil structure (figure 2b).
However, in the presence of a modelled magnesium ion, only two of the strands were converted to random coil, in a similar fashion to the ion-free protein.
Modelling a manganese ion into the binding site resulted in complete disruption of two of the β-sheets and partial disruption of the remaining two (data not shown).
FhCaBP3 and FgCaBP3 differ from other members of the family in that they
have an extended N-terminal region (amino acids 1 to 17). In the model, this is predicted to form a random coil and wrap around the C-terminal, DLC-like domain. Estimation of the flexibility of the polypeptide chain predicted that this region is, by far, the most flexible part of the protein suggesting that it can adopt multiple conformations including the one shown in the model (figure 2e).
Expression, purification and dimerisation of FhCaBP3
FhCaBP3 could be expressed in, and purified from E. coli cells. 
FhCaBP3 binds calcium and other divalent cations
Ion binding often alters the overall conformation and charge of proteins and thus it can be detected by changes of mobility in native gel electrophoresis. In this M A N U S C R I P T
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13 technique, the mobility of proteins is determined by the charge, hydrodynamic volume and shape of the molecule; all three of these may be affected by the binding of divalent cations. FhCaBP3's electrophoretic mobility was reduced in the presence of calcium ions (figure 5a). Managanese ions were also able to reduce the mobility, demonstrating that the protein can also bind these species. However, no binding to magnesium, barium, zinc, strontium, nickel, copper and cadmium ions was detected (figure 5a).
In many calcium ion binding proteins, including FhCaBP4, calcium ion binding increases the surface hydrophobicity [40] . This change can be detected through increased interaction, and consequent enhanced fluorescence, of the probe 8-anilinonaphthalene-1-sulphonate (ANS) [16, [60] [61] [62] . However, in the case of 
FhCaBP3 interacts with calmodulin antagonists
The ability of FhCaBP3 to interact with calmodulin binding drugs was probed by 
Discussion
FhCaBP3 belongs to a family of trematode proteins which contain EF-hand and dynein light chain-like domains. To date, this family appears to be unique to trematodes and thus is of particular interest in understanding the biochemistry of this class of parasitic organisms. Although there is considerable sequence (and thus, most likely, structural) similarity between members of this group of proteins, biochemical differences have been identified.
The other members of the family from F. hepatica which have been well characterised at the biochemical level are FH22 and FhCaBP4 [29, 40] . Compared to these, FhCaBP3 has an N-terminal extension which is predicted to be largely unstructured. The function of this region is currently unclear, but intrinsically unstructured regions of proteins are often involved in the interaction with other proteins or with small molecules. Alternatively, they can provide sites for irreversible regulation of activity through proteolytic degradation [63, 64] . The predicted effects of calcium (or manganese) ion binding are also interesting. Dynein light chains dimerise through a β-sheet structure which stretches across the two monomers. In M A N U S C R I P T
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FhCaBP3, calcium ion binding is predicted to disrupt the β-sheet structure of the dynein light chain-like domain which may disrupt, or reduce, the tendency of the protein to homodimerise (figure 2b). This is consistent with the observation that less protein-protein crosslinking and that the molecular mass as estimated by gel filtration doubled in the absence of calcium ions (figure 4).
Unlike FhCaBP4, binding of calcium ions to FhCaBP3 does not result in a measurably more hydrophobic protein surface. Nevertheless, it does induce conformational changes as indicated by both mobility shifts in native gel electrophoresis and intrinsic fluorescence changes. FhCaBP3 interacts with a number of drugs which bind to calmodulin and the related protein myosin regulatory light chain. Their mode of interaction appears to differ. TFP, W7 and PZQ alter the limited proteolysis pattern, suggesting alterations to the conformation of surfaceexposed loops; CPZ has no such effect. However, CPZ and TFP, but not PZQ, quench the fluorescence emission of FhCaBP3 suggesting that these compounds either bind in the vicinity of tryptophan residues or bind in a way which results in alterations to the protein structure in the environment of at least one tryptophan residue. Previously it has been suggested that PZQ antagonises voltage-gated calcium channels and it interacts with myosin regulatory light chain in schistosomes [65, 66] .
The observation that it interacts with FhCaBP3 adds to the list of potential targets of this drug.
The cellular roles of this group of proteins remain unclear. An early report on S. mansoni Sm20.8 indicated that the protein bound directly to a dynein light chain (SmDLC), presumably through the dynein light chain-like domain [25] . That the N- 
